Abstract This paper presents a new numerical program able to model syntectonic sedimentation. The new model combines a discrete element model of the tectonic deformation of a sedimentary cover and a process-based model of sedimentation in a single framework. The integration of these two methods allows us to include the simulation of both sedimentation and deformation processes in a single and more effective model. The paper describes briefly the antecedents of the program, SimsafadimClastic and a discrete element model, in order to introduce the methodology used to merge both programs to create the new code. To illustrate the operation and application of the program, analysis of the evolution of syntectonic geometries in an extensional environment and also associated with thrust fault propagation is undertaken. Using the new code, much more complex and realistic depositional structures can be simulated together with a more complex analysis of the evolution of the deformation within the sedimentary cover, which is seen to be affected by the presence of the new syntectonic sediments.
Introduction
As a result of improvements in computer technology since the 1970s, numerical modelling has become an essential tool in the analysis of geological processes. Numerical modelling may assist the understanding of geometries, architectures, and processes difficult to otherwise observe in nature or to understand by simple conceptual models. Moreover, it has also become a useful validation tool for other methods such as 3D reconstruction or analogue modelling. There are many published numerical models of sedimentation in basins (e.g. Tetzlaff and Harbaugh 1989; Li and Amos 2001) . These have treated the simulation of sedimentation from different points of view and using different techniques (e.g. Grajeon and Joseph 1999; Hardy and Gawthorpe 1998) , and they can provide physical, chemical, and petrologic information about different sedimentary bodies. These numerical tools also allow the prediction of the spatial and temporal distribution of these sedimentary bodies and their internal architectures. Similarly, there is a wide range of tools, including kinematic (e.g. Hardy and McClay 1999) and mechanical models (e.g. Allmendinger 1998; Johnson and Johnson 2002; Simpson 2006; Strayer and Suppe 2002) , able to simulate deformation at scales from a thin sedimentary cover to full orogenic geometries. A variety of numerical techniques have been used to implement these models, ranging from finite elements (e.g. Cardozo et al. 2003) to discrete elements (e.g. Finch et al. 2003 Finch et al. , 2004 .
Considering the importance of deformation processes on final geometry, as well as fracture and deformation patterns of sedimentary bodies, it is necessary to consider deformation and sedimentary processes at the same time. If this approach is adopted, a more realistic geological model may be obtained. Both processes working together imply more than each working separately because one process is affected by the other and vice versa (i.e. there is feedback and interaction). From the point of view of the deformation, the addition of new sediments to a deforming section affects its evolution. On the other hand, deformation affects previously deposited sediments and basin geometries, thus creating a depositional environment that is going to directly affect the deposition of new sediments. Some numerical modelling approaches are able to reproduce both sedimentation and deformation at the same time, treating their interaction in 2D and also 3D. Some are focussed on how the deformation rate is affected by sedimentation and erosion (e.g. Maniatis et al. 2009 ), while others just include sedimentation as an additional phenomenon in the study of crustal rocks subject to specific tectonic boundary conditions (e.g. Gawthorpe and Hardy 2002; Simpson 2009 ). However, in these papers, transport and sedimentation processes are modelled either by a simple diffusive equation or treated simply as a refill process, but not as a real process that follows physical rules of transport and sedimentation.
To combine realistic models of deformation and sedimentation is the main aim of the new numerical computer program presented here. A new code has been developed to combine mechanical and sedimentary process-based numerical models. Combining these two approaches allows us to include the simulation of both sedimentation and deformation processes in a single and more realistic model. This new tool results from the merging of two previous published works: Simsafadim-Clastic (Bitzer and Salas 2002; Gratacós 2004; Gratacós et al. 2009a ) and a discrete element model or DEM (Finch et al. 2003 (Finch et al. , 2004 Hardy and Finch 2005 , 2006 , 2007 Hardy et al. 2009 ). The former simulates sub-aquatic clastic transport and sedimentation in three dimensions, including processes of interaction, production, and sedimentation of carbonates; moreover, it is also a powerful tool for the 3D prediction of stratigraphic structures and facies distribution modelling in sedimentary basins. The latter deals with the simulation of the deformation in sedimentary rocks in 2D and 3D. This deformation is a consequence of interaction of many individual elements according to mechanical rules. The main goal of merging these two methods is to develop a new tool that will be able to offer a more complex and realistic study of the evolution of the structures and deformation in sedimentary materials produced by faults and folds. Deformation is based on mechanical rules and is therefore influenced by the presence of syntectonic sediments. In addition, the tectonic processes change the topographic surface, which influences fluid flow, transport, and, consequently, sedimentation in the process-based sedimentary model. Finally, analysis of the evolution of deformation within these new syntectonic materials can also be performed. The understanding of the development and characteristics of these syntectonic architectures is important in many areas of structural geology, such as hydrocarbon prospecting and evaluating the stratigraphic architectures in sedimentary basins, among others.
Combining Process-based Sedimentary Models and Discrete Element Modelling

Background
For a better and easier understanding of how the new code works, it is essential to give a short overview of the procedure and methodology of its component parts. We now summarize how Simsafadim-Clastic and the discrete element model work. For more detailed information on both codes, the reader is referred to more detailed descriptions in Gratacós (2004) , Gratacós et al. (2009a Gratacós et al. ( , 2009b for the Simsafadim-Clastic program; see Finch et al. (2004) and Hardy and Finch (2005) for the DEM program.
Simsafadim-Clastic
Simsafadim-Clastic program is a 3D process-based numerical forward model, which simulates clastic transport and sedimentation including carbonate production, transport, and sedimentation. Initial basin topography is discretized using triangular finite elements. These elements will be the basis to develop and solve the differential equation that manages the fluid flow and transport processes. The nodes of these triangles are also used to solve the remaining equations that describe sedimentation and carbonate production. Total simulation time is discretized according to the Courant criterion, which gives interval time steps to ensure the stability of the differential equation solutions (Gratacós 2004) . The fluid flow system is a 2D potential model (Bitzer and Salas 2002) in a transitional pattern. It assumes a laminar, non-viscid, and irrotational fluid, without short-time processes. The fluid flow value in each node depends on the water depth, but it is considered constant along the water column. The equation is solved using the finite element method (Kinzelbach 1986 ). The transport model assumes that the sediment is transported in suspension mainly by advection processes as a result of the fluid flow velocity. It also considers dispersion and diffusion terms as a result of shorter transport processes such as organic activity or wave action. The sediment is uniformly distributed in the water column in order to simulate a turbulent transport process. The transport equation is also solved by the finite element method for each clastic sediment type (Kinzelbach 1986 ). The sedimentation model assumes that a particle is susceptible to settling when the fluid flow linear velocity is lower than a critical settling velocity. This critical settling velocity is defined for each sediment type according to its density and its grain size. The final settling velocity of a particle is modified according to a linear dependence between the flow linear velocity and its theoretical critical settling velocity. Despite the fact that Simsafadim-Clastic can efficiently model the distribution of facies and the depositional architectures in a sedimentary basin, the program has some limitations that can affect the final result. The main limitation is the static basement consideration as no tectonic movements are considered, although the program considers isostacy as well as subsidence due to the weight of the new materials.
Discrete Element Modelling (DEM)
The discrete element technique is used to model and investigate, in 2D and 3D, the propagation and evolution of deformations in sedimentary cover caused by tectonic movements that affects the rigid boundary of the model, e.g. detachment folding (Hardy and Finch 2006) , thrust/extensional fault-propagation folds (Finch et al. 2003 (Finch et al. , 2004 Hardy and Finch 2005) , doubly vergent thrust wedges (Hardy et al. 2009 ) and evolution of calderas (Hardy 2008) . The model approach is a variant of the "Lattice Solid Model" Place 1993, 1994) . A detailed description of the LSM is given by the cited articles. An outline of the model approach and its implementation is given here (for a full description, also see Finch et al. 2004; Hardy and Finch 2005 ). An assemblage of spherical elements of different radii is used to model the rock mass; this allows a random position of the elements avoid any isotropy or any likelihood for preferred planes of weakness (Hardy and Finch 2006) . The evolution of the system is realized through the interaction and behaviour of these elements. These discrete elements interact in pairs through a repulsive-attractive force as if they are connected by breakable elastic springs. A breaking separation is defined, a particle is bonded until the separation between them exceeds this lower limit, and after that the bond is irreparably broken. Nevertheless, the repulsive force can act again between them if the particle pair goes back to a compressive contact. To calculate the total elastic force applied on a particle is only necessary to do the sum of the forces on each bond that link the particle to its neighbours. The body is elastic-plastic and can consider friction. But the precise mechanics of the assemblage are not discussed here. The importance is the transfer of the resultant deformation to the sedimentary model. The gravitational force, acting in each element, is also added. In addition, a viscous damping term is included. This viscous term is proportional to the particle velocity and it is considered in order to make the model less dynamic and more quasi-static, which is more suitable for modelling the development of tectonic structures over long time scales. This assemblage is confined into a bounding box. The base of the box is supposed to be the basement and is considered to be rigid and undeformable, only affected by the small displacements with which the deformation is simulated. These displacements are performed to the bounding box in each time step according to the boundary conditions chosen: a normal fault, strike-slip, a detachment fold, etc. The time step is chosen to ensure numerical precision and stability (Mora and Place 1994) . At each discrete time step, particles proceed to their new position by integrating their equation of motion using Newtonian physics and velocity Verlat Scheme (Allen and Tidsley 1987) . Some 2D configurations of this model allow us to add syntectonic materials during the evolution of the model, but this is just a refill of the created accommodation space, not a real process of sedimentation. Not considering sedimentation process during the evolution of the model is the current main limitation of the discrete element model.
Merging
Taking into account the limitations of Simsafadim-Clastic and DEM, merging provides us a new tool for geological modelling that addresses the main limitations of both programs, complementing each other. The new tool can predict and analyse other different syntectonic depositional architectures with more complex geological scenarios. It also allows a more realistic study of the evolution of deformation produced by faults and folds since the contribution of new sediments to the system is considered. Sediments come from a source and they undergo transport and settle, which are also a function of the new relief that is constructed. An appropriate approach to combing both codes would be to create a link between the two models that allows us to run them separately without mixing up the two methods. This link is created using the spheres located on the assemblage surface that define the initial topography of the basin used by the Simsafadim-Clastic program. The idea is that this initial basin topography, discretized into a triangular finite element mesh, will adapt to the movement of the spheres on the DEM surface. To do this, the mesh is established over this assemblage surface. The z position of each node is given by the average position of the four spheres of the assemblage surface located closest to the x-y node position ( Fig. 1) . To choose the time step, we checked the requirements of the discretization time for convergence and stability of the mathematical methods used in each program (Gratacós 2004; Hardy and Finch 2006) . The smallest t is selected in order to ensure proper results for both programs. The two programs are thus run separately but concurrently, and for each time step t the interaction between them is calculated and the z values of the nodes are updated. This value is determined by the new position of the balls that make up the surface at the current time step, plus the sediment that SimsafadimClastic had added to each node (which is taken into account by the SimsafadimClastic code). This implies that the changes in the topography of the basin are now controlled by two factors: tectonic movements and sedimentation. When the amount of sediment deposited in the model is higher than a critical value (this means having a number of nodes with an amount of sediment equal to or bigger than the diameter of a sphere), a transfer from Simsafadim-Clastic to the discrete element model takes place. In this transfer, the space taken up by the new sediment is refilled with new discrete elements. This process allows the interaction of the new sediment along with the pretectonic material in the discrete element model. Moreover, the new spheres added to the DEM record the most abundant type of sediment at their location (among the four clastic sediment types that can be treated by Simsafadim-Clastic). The difference between real topography provided by Simsafadim-Clastic and the surface defined by the sphere assemblage in DEM is the amount of sediment deposited (Fig. 2a) . Figure 2b shows how this sediment has been converted to discrete elements when the volume of this settled sediment is enough to undertake the transfer of from Simsafadim-Clastic to DEM. This interchange allows us to study the propagation of deformation in the new materials, as well as how these new sediments influence the propagation of deformation in the pre-existing cover.
Examples
In order to illustrate/check the potential of the new program, two simple examples are presented. The first one considers syntectonic sedimentation associated with an extensional fault in order to analyse the evolution and distribution of sedimentation as a result of the tectonic movement, as well as the obtained syntectonic sedimentary architecture. The second example considering syntectonic sedimentation in a thrust fault propagation environment not only deals with the structure, but also with deformation and the way in which the introduction of new sediments affect its evolution.
Initial Configuration of the Model
The two experiments use the same initial configuration. The DEM assemblage has a size of 250 × 250 × 2000 m and consists of 8067 spheres of four different radii: 15, 13.75, 12.5 and 11.25 metres (Fig. 3 ). An initial finite element mesh of 180 × 1800 m size for the Simsafadim-Clastic program is located above the assemblage surface. The mesh is divided into 32 columns and 4 rows, which results in 128 nodes or 186 triangular elements. Sealevel is fixed at a height of 0 metres. Initial topography of the basin is −100 metres for all nodes, implying an initial bathymetry of 100 metres. The program saves all information for each 60 years of simulation time. Both sample experiments are defined to be cohesionless. The coloured layers in the DEM are solely used to better visualize deformation and addition of new sediments. Results are visualized using the Datatank program and deformation is calculated using the SSPX program (Cardozo and Allmendinger 2009).
Example 1: Syntectonic Sedimentation Associated with an Extensional Fault
Initial and Boundary Conditions
Using the common configuration described in Fig. 3 , for this extensional example, an 80 • dipping fault is defined in the bottom of the DE boundary (Fig. 4) . The rate of displacement along the fault plane, simulating extensional fault movement, is 0.06 m/year with a total displacement of 96 m in dip direction during the total simulated time (1440 years). Three different clastic sediment types are simulated in the model. They are characterized through their critical velocity for deposition and rate of settling as summarized in Table 1 . These values are higher for coarse materials and lower for finer ones. Inflow sediment rates are different for the different material types: they are smaller for coarser sediments than for finer ones. The inflow sediment nodes and rates are defined at a boundary node, as can be observed in Fig. 5 . The fluid flow boundary conditions for the finite element mesh reproduce uniform fluid movement from the left to the right with initial velocities that allow sedimentation of the three different sediment types from the start of the experiment.
Simulation Results
Simulation results are summarized in Figs. 6, 7, and 8, where representative stages in the evolution of this example are shown. Each image in Fig. 6 shows the geometries of the DE model and the real topographic surface defined and used by the finite element mesh. Firstly, we can see that four transfers of sediment volumes from the Simsafadim-Clastic model to discrete elements take place during the simulation (remember that transfer occurs as a function of the amount of sediment deposited and , we can observe that in the earliest stage (480 years) sedimentation takes place along the model, from the proximal area (located in the footwall) and decreases basinward due to sedimentation parameters and fluid flow conditions. Sedimentation in the footwall area drastically decreases during the next stage (840 years) and migrates basinward as a consequence of the water depth decrease and velocity increase due to sediment settling itself (Fig. 7) . In this time step (and the next ones), sedimentation becomes more prominent in the hangingwall area where new accommodation space is created due to the subsidence associated with the normal fault movement, and where fluid flow velocity decreases because of increasing water depth. As the simulation progresses (from 1140 to 1440 years), sedimentation is progressively restricted to the hangingwall area where accommodation space continues to be created due to extensional fault movement. In the hangingwall, it is observed that during the final part of the simulation the model reaches an equilibrium phase between sedimentation and subsidence rates. As a result, the position of the topographic surface does not change considerably, and thus the fluid flow field does not change significantly. Different geometric architectures can be observed in pre-and syn-extensional materials (Figs. 6 and 7) . Pre-extensional materials show a layer parallel pattern deformed near the fault area where a fault-propagation fold linked to an extensional fault system can be observed (Jin and Groshong 2006) . The fold is more evident in the later time steps. Looking at the syn-extensional sediments, we can observe initial geometries resulting from the inflowing area, fluid flow system, and accommodation space (as explained before). These initial geometries are deformed near the fault zone where the same fault propagation fold geometry can be observed. Basal syn-tectonic layers are more deformed than the top one due to their existence during a longer time period. Deformation decreases upwards and away from the fault. From a Simsafadim-Clastic simulation, each discrete element can store sedimentary properties, such as percentage of each sediment type. Using these values, facies distribution can be obtained based on the most common sediment type at each discrete element (Fig. 8) . Only the coarsest and finest materials are represented. This does not mean that the medium grain size material is not deposited; rather, this kind of sediment is not dominant at any location. For the whole simulation, deposition of coarser material is concentrated in the more proximal area and passes laterally to the finer material basinward. Early stages show deposition of coarse sediments mainly in the footwall area. As a result, fluid flow increases in the footwall region at subsequent time steps due a decrease in water depth. Deposition of both materials migrates to the hangingwall area where fluid flow has considerably decreased and more accommodation space is available due to the subsidence. As simulation time moves forward, coarse sediments overlap previously deposited finer sediments, creating progradational geometries basinward.
Example 2: Syntectonic Sedimentation and Thrust Fault Propagation
Initial and Boundary Conditions
For the contractional sample experiment, a 45 • dipping fault is defined at the bottom of the DE boundary box (Fig. 9) . The rate of displacement along the fault plane is defined as 0.03 m/year with a total displacement of 60 metres during the total simulation time (1800 years). Three different clastic sediment types are also introduced in this example. Their critical velocity for deposition and their settling rates are summarized in Table 2 . Figure 10 shows the boundary conditions for fluid flow. The inflowing boundary in this example has been defined on the right side of the model, reproducing a uniform flow from right to left with initial velocities that initially allow sedimentation of the three sediment types across the model.
Simulation Results
Representative simulation results are shown in Figs. 11 and 12 at four key stages (600, 1140, 1620, and 1800 years). In Fig. 11 , the detailed evolution of the model is summarized using longitudinal slices of the discrete element model. In this example, three transfers of sediment volumes from Simsafadim-Clastic to the DE model take place during the evolution of the model. The four stages represented are immediately after these transfers of sediment (three first stages) and the model at the final simulation time step (Fig. 11) . The simulation results show how (as in the extensional example) sedimentation occurs during the first stage (600 years) in the inflowing region located In the next time steps, sedimentation migrates into the basin because of the water depth decrease and fluid flow velocity increase due to sedimentation and the uplift of the hangingwall region. Consequently, the locus of sedimentation is displaced to the footwall region where accommodation space is still available. This results in a progradation of sediments into the basin and a typical offlap geometry. Using the methodology developed by Cardozo and Allmendinger (2009) , we can undertake a detailed analysis of the deformation in pre-and syn-sedimentary materials (Fig. 12) . Maximum Shear Strain is calculated from the displacement of all elements in the model. The shear strain is calculated between each stage. The represented time intervals in Fig. 12 have been chosen in order to show how the addition of the new sediments affects the evolution of the deformation in the model. Seven intervals have been selected: two for the time steps before the first transfer, two between each transfer, and a last one after the last transfer. The first two time intervals (up to 600 years) show how the propagation of deformation is concentrated above the fault zone where a fault-propagation fold linked to a contractive system has been developed. After the first transfer of sediment from the Simsafadim-Clastic program, we can see that the upward propagation of the deformation is firstly inhibited owing to the weight of the new material and is then reactivated after a period of time. This effect occurs whenever new sediment is transferred and added, except during the seventh time interval when this effect is not so evident because new sediment is deposited farther away from the deforming region. 
Conclusions
This contribution has presented a new code combining two previous models, Simsafadim-Clastic and a discrete element model DEM. The new program allows us to model syntectonic sedimentation. The interest of this new code lies in the fact that it merges two completely different methods: the discrete element technique, which manages the deformation in the sedimentary cover due to tectonic movement, and the finite element method that solves the equations related to sedimentary processes in the overlying water column. We have merged the two previous algorithms by allowing them to run separately, interchanging the necessary information at each time step: DEM provides Simsafadim-Clastic with the new position of the topographic surface due to tectonic movements, while Simsafadim-Clastic supplies new sedimentary materials to DEM. New relief and new sedimentary bodies are constructed as a consequence of interaction between these two processes. In order to test the performance of this new merged code, two example simulations that take into account sedimentation associated with the growth of a normal fault and a reverse fault are presented. Each example has been defined with a different set of initial and boundary conditions for fluid flow, transport, and sedimentation, as well as different tectonic boundary conditions and displacement rates. Results obtained by both experiments show realistic syntectonic stratigraphic architectures. The evolution of the basin topography in the two examples is the result of both tectonic movements and sedimentation. Fluid flow and, consequently, transport and sedimentation change according to this evolving topography. The depositional sedimentary bodies are similar to reported natural examples in each case. The transfer of sediments from Simsafim-Clastic to DEM allows us to have more realistic deformed sedimentary bodies as a result of the tectonic movements occurring in a basin. It is also noted that the propagation of the deformation is affected by the addition of syntectonic sediments into the model. The results of both experiments support the viability of the approach of combining the two models (i.e. Simsafadim-Clastic and DEM) and also the realism of model results. We can conclude that this new tool allows us to perform a more realistic and detailed study of the way sedimentation and tectonics interact in nature.
